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Structural instabilities in bis (4-chlorophenyl)sulfone derivatives studied
by Raman spectroscopy and deuteron NMR
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The molecular solid big-chlorophenyisulfone (BCIPS is one of the few van der Waals crystals having a
displacive, soft-mode driven, incommensurét@) phase transition. In this work, we present an experimental
study of the structural and dynamical behavior at low temperatures of three molecular solids closely related to
BCIPS: phenylsulfone, perdeuterated (Bibromophenykulfone @-BBrPS), and a mixed crystal
d-BBrPS/BCIPS with a molar ratiqd-BBrPS/BCIP$=0.15. Measurements ofH nuclear-magnetic-
resonance relaxation times dABBrPS as a function of temperature showed the onset of a dynamical process
between 157 and 148 K, similar to that observed in the phase transition of BCIPS at 148 K. The temperature
evolution of the relaxation rate is described in terms of the spectral density associated with a soft phonon with
central-peak effects, using identical dynamical parameters measured for BCIPS by neutron scattering. Neither
loss of spatial periodicity nor symmetry change were detectedBBrPS below 148 K. For the mixed crystal,
an IC phase was detected at low temperature, similar to that of BCIPS but with spatial distortions of smaller
amplitude.
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. INTRODUCTION non atq=0.75b* on the lowestA , acoustic branch® The
wave vector and symmetry of the phonon at the deep local
In contrast to ionic solids, there are few examples of or-minimum are largely independent of the intramolecular
ganic molecular crystals undergoing displacive phase transinteractions:® Therefore, the balance of intermolecular inter-
tions (PT) to incommensuratélC) phases. The soft-mode actions is the determinant factor for the condensation of the
driven IC PT of the organic crystal W&  soft phonon and the characteristics of the low-temperature
chlorophenylsulfone(BCIPS has been the subject of many phase in the solid specifically considered. This situation is
studies, due to its relatively high transition temperatufg ( analogous to the well-known phase transition in &8 X,
=148 K) and the persistence of the IC state in a broad temgroup of ionic solids* From an experimental point of view,
perature range, at least down to 5K .The crystal structure temperature, pressure and atomic substitutions in selected
of BCIPS at room temperature is monoclifig/a, Z=48  positions are potential variables to modify the intermolecular
Below T,, this structure is IC modulated along the mono-couplings in order to explore the appearance of lattice insta-
clinic axis due to the condensation of a low damped sofbilities and the structural ways they are resolved in each
mode withq=0.78b*, far from symmetry points in the Bril- crystal of the group.
louin zone®° The modulation involves displacements of the ~ The aim of this work is to provide experimental informa-
molecular center of mass, orientations, and interphenylion about the low-temperature structural and dynamical be-
angles. Simple microscopic models of atom-atom interachavior of several solids related to BCIPS, to be compared
tions are able to predict the mechanical instability oAa  with the conclusions of the lattice-dynamics analysis. The
acoustic phonon in BCIP¥,giving values for the wave vec- molecular solids big-bromophenykulfone (BBrPS, phe-
tor and molecular displacements that are in remarkabl@ylsulfone (PS, and binary mixed crystals BBrPS:BCIPS
agreement with experimental measurements of the softwere analyzed using Raman spectroscopy and deuteron
phonon wave vector and condensed phonon displacements imiclear-magnetic-resonan¢®lMR) spin-lattice relaxation-
the IC phasé,respectively. time (T,) measurements. Molecules of BBrPS and PS are
On the other hand, it is known that many organic crystalsclosely related to BCIPS having, respectively, Br and H sub-
closely related to BCIPS undergo complicated sequences etitutions instead of Cl in bottpara positions of phenyl
PTs, of a continuous and quasicontinuous nattirt€As in  groups. BBrPS is a very interesting subject of study because
BCIPS, the “butterfly-like” biphenyl molecules in these sol- it is isostructural to BCIPS at room temperaflnd the
ids are closely packed, forming chains along tf@jrsym- lattice-dynamics analysis suggested the possibility of phonon
metry axes. Therefore, a question to be addressed is to whiastabilities!® These calculations for BBrPS showed an
extent this particular molecular packing is intrinsically re-anomaly deep on the lowesk, acoustic branch afg
lated to the onset of PT and the loss of periodicity. Recently=0.76b*, as in BCIPS. Also, the molecular displacements
Schneideret al. discussed the role of the intra and intermo- involved in this phonon are the same as those corresponding
lecular interactions on the instability of the room- to the anomaly of BCIPS ag=0.75b* on the same
temperature structure of BCIP®.The results of lattice- branch® To the best of our knowledge, there are no previous
dynamics calculations performed on BCIPS and other closelgtudies on the structural or dynamical behavior of BBrPS at
related substituents suggested that this kind of moleculdow temperature. On the other hand, PS crystallizes in a less
packing possesses an intrinsic instability involving the pho-symmetrical array with respect to BCIP®2,/c, Z=4
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(Ref. 19] and despite the similarity in molecular structure, zation. Radio frequency pulses ofu& duration were used.
no anomalies were observed in the calculated dispersioDue to the long values recorded fby, measurements on the
branches of this solitf So, lattice-dynamics calculations do 2H-enriched BBrPS samples were done without signal aver-
not show any mechanical instability that could lead to PT ataging. The single-exponential recovery of magnetization was
lower temperatures. monitored at more than 20 values ofor each temperature,
On the other hand, when solid solubility is possible, dis-and T, values were extracted through the fitting of a three-
solution of guest molecules in a host lattice is an interestingparameter standard expression.
way to perturb locally the balance of intermolecular interac-

tions. In the present work, relatively low concentrations of IIl. RESULTS
BBrPS molecules were diluted in the BCIPS host lattice in-
dicating the feasibility of this procedure. The structural and A. Bis(4-chloropheny)sulfone (BCIPS)

vibre_ltional properties of the obtajned mixed crystals were gcips was considered in this study as our prototype sys-
studied by Raman spectroscopy, in order to evaluate the efam in order to check how structural changes associated with

fect of the perturbation on the IC modulation. its well-known IC PT atT,=148K can affect the Raman
spectrum of a powder sample. Figur@)lshows some rep-
Il. EXPERIMENTAL PROCEDURES resentative low-frequency Raman spectra of a powder BCIPS

sample at different temperatures. The temperature evolution

Samples of PS, BCIPS, and perdeuterated BBrPS weref the detected Raman-active vibrations is plotted in Fig.
provided, respectively, by Aldrich99%), Fluka (purum  2(a). The frequencies were determined by multiple-
grade, and Medical Isotopes, In¢purity 99%, deuteration Lorentzian deconvolution of the powder spectra. As it was
99%) and subjected to additional recrystallization processesdiscussed in previous studie®’ the lowest Raman frequen-
Mixed crystals ofd-BBrPS/BCIPS were prepared following cies are associated with modes involving not only basic mo-
the method of dissolution recrystallizatibh Fine powders lecular translations and rotations, but also internal degrees of
of pure compounds were mixed at the desired molafreedom of low frequency that are able to couple with them.
ratios and dissolved in benzene. The solvent was evaporatéfhis is certainly the case of three internal modes of BCIPS
under a gentle nitrogen flux and continuous stirring of therelated to interphenyl motions: the interphenyl symmetric
solution was done to avoid separation of components. Theending and the antisymmetric and symmetric phenyl tor-
precipitate was powdered and stored under dry atmosphere gibns along thes-C (para) axis. In the free molecule, these
room temperature until the experiments were performedvibrations have frequencies less than 60 ¢nThen, consid-
Three samples were prepared with molar rati@s ering nine degrees of freedom for each of the two BCIPS
=[d-BBrPS/BCIPS of 0.07, 0.15, and 0.30. molecules in the primitive cel(C,-point symmetry, nine

The homogeneity of pure components and mixed crystalfow-frequency Raman-active vibrations result: 4A8Bg.
was characterized by powder x-ray diffractometry, performedAs seen in Figs. (t) and 2a) these nine vibrations are easily
with a Rigaku Rotaflex RU200B diffractometer with nickel- detected in the spectra of the high-temperature phase. For
filtered CuK« radiation (1.540 A. Some degree of struc- temperatures lower than 130 K several continuous changes
tural relaxation was detected for mixed crystals until 20 daysan be noted in the spectra, involving the appearance of new
after preparation, involving small shifts of some reflectionsbands, the splitting of high-temperature lines, and the rear-
at low 26 values. Samples were monitored by x-ray diffrac-rangement of intensities in the 100—120 ¢nregion. The
tion over four months, but no additional changes were deactivation of new lines in the Raman spectrum is associated
tected. All the studies were done on samples that were mongith the loss of spatial periodicity in the IC phase. The static
than three months old. structural distortions associated with the IC spatial modula-

Raman measurements were carried out using the 514-ngion break the selection rules associated with the room-
line of an Ar-ion laser as the exciting source. A Spex doubleeemperature space group. The more intense and well-
monochromator equipped with single-photon counting and aesolved new bands appear around 40 tndetectable from
homemade data-acquisition system were used for the detet25 K down to the lowest temperatures. Many other vibra-
tion of the scattered radiation. The spectral resolution of theions exhibit changes in their temperature dependence with
measurements was of 0.25 ¢h Low-temperature studies respect to the high-temperature phase. All these observations
were performed by using a Janis helium flux cryostat. are compatible with previous Raman measurements per-

Deuteron NMR measurements were performed at a fielformed on a single BCIPS crystah the same temperature
of 9.4 T with a Varian Unity INOVA spectrometer and a Doty range. Therefore, through the analysis of the powder Raman
wideline NMR probe. Temperature was varied by gas nitro-spectrum, it is possible to detect with confidence the lost of
gen flux and controlled within 0.5° during each experiment.spatial periodicity in the BCIPS lattice after the phase tran-
The Zeeman spin-lattice relaxation tim€,§ was measured sition. Nevertheless, the transition temperature cannot be ob-
on one of the edge singularities of tRel powder pattern, tained with precision from these measurements, due to the
associated to crystallites with an angle of 90° between théact that splittings of the bands or changes in their tempera-
principal value of the electric-field gradient tensor and theture behavior are only appreciable for temperatures where
external static magnetic field. The saturation-recovery pulséhe spatial distortions have enough amplitude. Raman spec-
sequence£/2|ge- m- /2| go- Te- 2| og) Was used, generating troscopy, even on a single BCIPS crysti, less sensitive in
a quadrupolar echo to monitor the recovery of the magnetidetermining transition temperature than other experimental
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FIG. 1. Representative Raman
spectra at different temperatures
of polycrystalline samplega) PS,
(b) d-BBrPS, (c) BCIPS, and(d)
mixed crystal[d-BBrPS/BCIPS
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techniques, such as for example calorimEtrgr nuclear ering the crystallographic data of PS at room temperature
quadrupole resonand®lQR).’ (Z=4; C, molecular point symmetry) and the molecular
model with nine degrees of freedom, 18 vibrational modes
B. Phenylsulfone(PS) are expected to be observed in the Raman spectrut (9
For the PS crystal, mixing of low-lying internal vibrations +9B). Figure Xa) shows the Raman spectra of PS as a
with lattice modes is also expected as in BCIPS. So, considunction of temperature. Seventeen vibrations can be de-
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(é) i O L Raman bands were observed. In particular, no IC modula-

1201 121 tions of the type observed in BCIPS appear in BBrPS at low
e { [Feome—eoveeeee o temperatures.

1o 110 . Considering the close structural relationship of BBrPS
M ‘*MN with BCIPS, which exhibits a lattice instability, and the fact
L
K o]

that dynamics calculations also suggested a soft-mode be-

100 |- 100
I ] M havior, there is a motivation to probe the low-frequency pho-
i 1 non dynamics of BBrPS at low temperatures. Soft-phonon

90 PO - E

phenomena give rise to a diverging temperature behavior of
ﬁi\; ] the dynamic structure fact@®(q,w) at zero frequency near
or 1% % the transition temperatur&® The NMR spin-lattice relax-

é [ 1 ation times are sensitive to these kind of processes in the
SRy E%: . 17°F 7 megahertz spectral range, due to the proportionality between

g - ; relaxation rates T, 1) and spectral densities. Therefofi,
ofeelvs e} . measurements in BBrPS could reveal if some of these critical
::.&: dynamic processes were occurring. Deuteron NMR was con-

50 M sl M o ST N sidered in order to deal with shorter relaxation times with

respect to'H, due to the quadrupolar coupling of deuterons

wl. 1ol 1 with the fluctuating part of the local electric-field gradient.
P For deuterons, the Zeemdn is given by
30 -W s 7 372 e?qQ)\2
I o] Tl_l:T o ) [J1(w)+4I5(2w )],
20 _;._H_._ 120 f—&mmﬂ—‘—‘—t_

PR P —— PR a—— V\/zherewl_ is the Larmor frequenpjﬁl.:% MHz at 9.4 J and

TIK TIK e“qQ/h is the quadrupole coupling constant of the deuteron.
The functions];(w) are the spectral densities of the autocor-
relation functions of the time-dependent parts of the quadru-
polar Hamiltoniant®2° In the case of one-phonon processes,
. ) the spectral densities can be expressed as an integral over the
tected with confidence at the lowest temperatures, wherg I_E:rillouin zone of the phonoﬁ-scattering functi(g)]rimas
lines are considerably narrowed. The temperature behavior
of the phonon frequencies is that normally expected in
slightly anharmonic crystals: an almost linear decrease in Ji(w):f Al(q)S(q,w)d%q, )

frequencies as temperature rises. From these observations, it

can be concludeql that the periodic room-temperature StruGyqq theAl(q) are geometrical slowly varying functions of

ture of PS re.n;alnr:]s s}ab!e dé)wn to o K. 'I|'h|§ rESl#t IS Inq associated with the short-range quadrupole interaction. The
agreement with the lattice-dynamics analysis, Where nQue 4| density contains an orientational dependence on the
anomalies in the calculated phonon branches were observe(\a gle between the deuteron bond direction and the static

considering the room-temperature crystal structure and eVet‘?ﬁagnetic field. In cases where the main contribution of these

a fully relaxed zero-Kelvin cefl functions comes from oneg, as for example in a soft-mode
) condensation, thé'(qg)’s can be extracted out of the inte-
C. Bis(4-bromopheny)sulfone (BBrPS) grals, giving a proportional relationship between relaxation
Due to the fact that BBrPS is isostructural with BCIPS atratesT, - and the integral of the critically diverging scatter-
room temperature, nine Raman-active modes are expected ity function S(g,w). In these cases, the relaxation rate can
be observed in the low-frequency spectrum. Accordingly, thébe written as
spectra of BBrPS are rather similar to those of BCIPS at high
temperature, as seen in Figsbjland Xc). After the narrow- _
ing of the 50-cm* band below 100 K, nine vibrations could T l:alf S(q,wL)d3q+azf S(g.20)d%,  (2)
be deconvoluted down to 5 K. The temperature evolution of
the vibrational frequencies of BBrPS is plotted in Fign)2  wherea,; anda, are factors depending on bond orientation
evidencing a standard anharmonic behavior. Three bands band the coupling constant.
tween 70 and 90 citt have an apparent change of tempera- On the other hand, when phonon branches are almost tem-
ture dependence at 150 K, but it is not a conclusive observaperature independent, it is possible to express the relaxation
tion because these lines are weak and overlapped. Thereforate for Raman processes at high temperaturesT g5
from these Raman spectroscopy data it can be concluded thatBT*, with A~—2 and B is an empirical factof! This
BBrPS does not undergo any structural transition at low temédependence is referred as the “normal” background relax-
peratures with noticeable spatial distortions. The symmetration. The whole relaxation rate in the presence of critical
of the unit cell of BBrPS is not affected, because no newphenomena should be written as

FIG. 2. Frequencies of Raman vibrations(aef BCIPS and(b)
d-BBrPS, as a function of temperature.
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L o L e B B L B e TAL A remarkable similar behavior has been observed around
‘ the normal-IC phase transition of BCIPS for tHg of
protons?? deuteron$, and also chlorine in puré®CI-NQR
833 experiment€3®7|n those cases, the enhancement of the re-
laxation rate is caused by the low-frequency collective fluc-
tuations prior to the IC PT, associated with phonon softening
0 and central-peak processes. It must be noted that the mea-
:' sured values for the Zeeman, of deuterons in BBrPS at
) 157 (beginning of the relaxation enhancemeand 148 K
(measured maximum for the relaxation padee almost iden-
tical to those reported for BCIPS at the same temperafures.
In order to characterize the enhancementrbirelaxation
in terms of a critical exponenrg, several trial fittings of the
A T N T power lawT; '=C/(T—T,)¢ were carried out. The best re-
140 160 180 200 220 sults where obtained fixin@, and considering a temperature
R L L L L range up® 8 K aboveT, . In this way, satisfactory fittings of
(b) 1 the power law where obtained only fdr values ranging
between 147.5 and 148.0 K. Fitted critical exponents result-
ing from these two limiting transition temperatures were re-
T spectively §£=0.63+0.05 and 0.4Z% 0.05, which should be
1 considered as extreme values consistent with our data set. It
1 can be noted that an uncertainty of 0.5 K firis still too
1 broad to extract a critical exponent useful to discriminate
1 between different models of phase transitions, such as for
1 example the three-dimensiondl (£=0.624) or the mean-
3 field (¢£=0.5) models.
§ d An alternative approach to interpret the observed relax-
PP ation enhancement can be carried out considering the critical
140 160 180 200 220 phonon response instead of a description in terms of critical
TIK] exponents. In a recent work, inelastic-neutron-scattering
(INS) data of BCIPS were correlated with NMR relaxation
FIG. 3. Deuteron Zeeman spin-lattice relaxation time for gtadf The form of the scattering functioB(q, ) was ex-
d-BBrPS as a function of temperatur@) Circles: experimental plicitly considered and the integrals in E@) were numeri-

d‘.ittr?' dFuII Ii_ne:l soft-photnon a;ntc; celgtra;]-peali mOF‘t‘?' "fow:;g:n: ScaIIy resolved. The scattering function was written in terms
with dynamical parameters of the IC phase transition o of two contribution<-

Dashed line: fitting of the background relaxation. Vertical dotted
line: asymptote at 148 Kb) Relaxation rates after subtracting the s +s 2 4
background contribution. Circles: experimental data. Full line: (0, ©) = Spn(9, @)+ Sep(0,20). @
model forJ,(wL). Dotted line: model fold,(2wL). Dashed line:
model forJ;(wL) and the assumption of=0 for T>165 K.
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The first term corresponds to the response of a damped
harmonic oscillator, with characteristic frequencies for the
soft mode* w..(q,T) and the damping constaht

Ti'=A [ S@oOEa+A; [ Sa20)dq+BT T r
©) S L2 g T e P e 2 O
Measurements of the Zeeman for ?H were carried out The second contribution corresponds to so-called central-

in a perdeuterated BBrPS sample down to 140 K. In spite oPeak phenomenon, arising from nonlinear dynamics effects
the quadrupole couplingl; values in the scale of minutes near the transition temperatufig. The soft mode decays
were measured for deuterons of BBrPS. Figuf@ 3hows into several modes, one of them being nonoscillatory, and
the measured relaxation ralg * as a function of tempera- decays exponentially with a time constany.1The response
ture, where a notorious change of behavior can be observedpsociated to this process‘is

around 150 K. From room temperature down to 157 K, the

2
temperature behavior of; is well described by the back- S.o(q, @)= kB_T d 1 .
ground relaxation term. On the other hand, an abrupt growth " 7T ywy(q,T) 14 u? w.(q,T)| 4 1)2
in the relaxation rate values occurs in the range 148-157 K, + wo(q,T) ;,

due to the appearance of an additional relaxation mechanism (6)

that dominates over the normal phonon background. On low-

ering temperature below 148 K, the relaxation rate decreases The square of the soft-mode frequency can be written as a
again. function of the renormalized frequencyog(q,T) as

094103-5



J. SCHNEIDER. L. A. O. NUNES, AND H. PANEPUCCI PHYSICAL REVIEW 84 094103

w2(q,T)=wa(q,T)+ 6%, where § is the coupling strength (a) (b)
between the soft mode and the purely relaxing mode respon
sible for the central peak. For wave vectors near a satellite a
gs, the renormalized frequency can be expanded as
wg(q,T)=a(T—T,)+Dq2. Considering that all parameters sors
in Egs.(5) and(6) were determined in BCIPS by INS, only BOPS
the multiplicative factors in Eq(3) and the exponent are
free parameters to be fitted to data. As was reported in Ref. 6
an excellent agreement was observed between the temper
ture behavior of relaxation rates and the central-peak mode
for S(q,w) in the IC-PT of BCIPS.

Despite that there are no experimental studieS(af, )
for BBrPS, it is possible to check the compatibility of the
measured relaxation rates with the predictions of E@s.
and (4) considering the dynamic parameters determined for
BCIPS:a=345GHZ/K, D=8.5x10° GHz A?, y=2.5 and
I'=120 GHz. The coupling strengtfiwas assumed as a lin-
ear function of temperature vanishing far>200K as . .
8(T)=80GHz (T—200K)/(T;—200K), according to Ref. "% & o @ 1w @ = & & o 1w @
6. The full-line trace in Fig. @&) is a plot of relaxation rates Ramengitfori] Porren St fomi]
given by Eq.(3) assumingA;>A,, i.e., only contributions
of the spectral density,(w) at the Larmor frequency and FIG. 4. Raman spectra of polycrystalline samples at room tem-

T,=148.0K. Only the amplitude factdx, was fitted for the  Pperature. (@ Mixed crystals with different molar ratiosx
critical contribution to relaxation A,=1.8 =[d-BBrPS/BCIPS, obtained from dissolution recrystallization.

+0.1A352 J—2)_ The fitted background relaxation param- (b) Mechanical mixtures with the same ratiwnsSpectra from pure
eters wereB=(4.2+0.1)x10 8K *s ! and A\=1.9+0.1. BBrPS and BCIPS are included for comparison in both cases.

The agreement with the experimental data of BBrPS is re- _
markable, considering that the shape of the curve was deter- D. Mixed crystals BBrPSBCIPS

mined solely by the dynamic parameters measured for Three mixed crystals were considered, with molar ratios
BCIPS. Figure &) shows the critical contribution to relax- petween BBrPS/BCIPS taking the values 0.07, 0.15, and
ation rates after subtracting the background term. The dotted 30. In order to determine if phase segregation occurred in
line corresponds to the casg<A,, i.e., only contributions  these samples, powder x-ray-diffraction analyses were per-
from the spectral density,(2w ) at twice the Larmor fre-  formed. The observed diffraction patterns could not be de-
quency. As can be seen, both curves have nearly the sand@mposed as a superposition of the pure phase patterns. In
temperature dependence, and it is not possible to attribute thgct, the number of Bragg reflections was the same as in the
relaxation to onlyJ;(w) or Jo(2w). It is worth mention-  BCIPS pattern. Only variations in intensity and positions of
ing that by disregarding the central-peak contribution tosome reflections were detected. Therefore, it can be con-
S(q,®) in Eq.(3) and keeping only the soft-phonon responsec|yded that no appreciable degree of segregation occurred.
it was not possible to reproduce the observed temperaturgs an additional test, Raman spectroscopy measurements
dependence of ; *. were carried out in the three mixed crystals and also in finely
Despite the scattering df; ' data, it can be noted that the ground mechanical mixtures of BBrPS/BCIPS with the same
enhancement of relaxation rates in BBrBS seems to occur fanolar concentrations. Figures@# and 4b), respectively,
temperatures lower than those in BCIPS. Considering thathow the obtained spectra for both set of samples. For me-
the central-peak process dominates the observed temperatwiganical mixtures, vibrations of individual phases can be
behavior, it is interesting to test the effect of reducing thereadily identified in the spectra in the less overlapped region,
onset temperature of the coupling which is 200 K in  for frequencies lower than 70 ¢rh On the other hand, the
BCIPS, on the shape of the relaxation rate curve. In Rigl. 3 spectrum of each mixed crystal shows notorious differences
the dashed line is the result of fitting the critical dependencevith respect to the corresponding mechanical mixture, indi-
fixing an onset temperature of 165 K, using the samecating also that phase segregation is not appreciable in these
strength of 80 GHz and assuming for simplicity only contri- systems. In general, the Raman spectra of mixed crystals
butions fromJ;(w,), i.e., A,=0. The resulting multiplica- result was more similar to the spectrum of BCIPS than
tive parameter isA;=1.7+0.1A3s2J72, A slightly better ~ BBrPS, as would be expected for the case of a solid with a
agreement with the experimental data can be observed in thigystal structure close to BCIPS hosting diluted-BBrPS mol-
case, although this is not an accurate determination of thecules. There are changes in the spectra with respect to pure
vanishing temperature of the coupling strength BCIPS affecting frequency, intensity, and linewidth of the
Finally, it should be mentioned that no changes were obresolvable peaks, especially for concentrations 0.15 and 0.30.
served in the features of th#H-NMR powder pattern of The broadening of the observed peaks is expected due to the
BBrPS at any temperature, from room temperature to 140 Kintroduction of a degree of disorder in the crystal structure.
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TABLE I. Frequency of deconvoluted vibrations at 155 K for
BCIPS, BBrPS, and the mixed crystal with=0.15.

BCIPS x=0.15 d-BBrPS
(cm™Y) (cm™Y (cm™Y
24 21.4
27 27
30 29
42 33.6
46.8 46
57.8 56 51.5double}
69.7/67.4 66
78 77.2
86 80/85
92.6 91
e 3 : k 95 94
Furven it 105.5 107 102
114.4 112
FIG. 5. Raman spectra of BCIPS, the mixed-crystal sample 116 1155
=0.15, andd-BBrPS taken ata) 155 and(b) 5 K. Deconvoluted 151.5 151

vibrational bands are shown in each case. For the 5-K spectrum of
BCIPS only the centers of deconvoluted vibrations are indicated

with vertical lines. Arrows point to the more conspicuous bands Ofder of decreasing temperatures. After the total temperature
the IC phase detected in BCIPS and in the mixed crystal. cycle (slow cooling b 5 K and subsequent heating to room

Low-temperature measurements were performed with #mperaturg no differences were found in the Raman spec-
samplex=0.15 in order to deal with a narrower vibrational {rum at room temperature with respect to the beginning of
spectrum. Figure @) shows the spectrum of the mixed crys- the experiment, indicating the staplllty of the mixture. On
tal with x=0.15 at 155 K, compared with the pure phases afowering temperature, s_everal continuous changes in thg Ra-
the same temperature. A multiple-Lorentzian fitting per-man spectrum of the mixed crystal can be observed, as in the
formed on the Raman spectrum showed at least 14 bands fi@se of BCIPS: the appearance of the band at 40'@nd

this mixed crystal, instead of the nine bands found in purdnodifications in the relative intensity of bands in the 80120
phases. This observation corresponds to the so-called tw§M ~ region. In Fig. §b), the spectrata5 K of the pure
mode behavior of vibrations in mixed crystafsn this type ~ components and the mixed crystal are pompared. Spectra of
of crystal, two sets of phonons can be identified, with fre-BCIPS andx=0.15 samples are almost identical, apart from
quencies close to those of the pure components. This beha@-Shift to low frequency3 cm™) of some peaks in the mix-

ior is found in crystals with short-range interactions betweerfure. The band at 40 cmi is clearly resolved in the mixed
building units, for example covalent diatomic crystals Suchcry;tal, though its relative intensity is smaller than in BCIPS.
as Sj_,Ga,?* and it is also expectable in Van der Waals T_h|s_ bqnd qan_be detected between 5 and 105 K. The above
mixed crystals. There is a set of vibrations in the spectrum ofimilarities indicate that th&=0.15 mixed crystal also un-
samplex=0.15 with frequencies coinciding with, or very dergoes an IC phase transition. Thoulg_h this experiment is not
close to(less than 2 cit)), the values of BCIPS vibrations. Very sensitive to determ|.ne the transition point, it seems that
The remaining lines can be related with BBrPS vibrations ransition temperatures in the mixed crystal and BCIPS do
but with larger frequency shift§up to 8 cnil). Table | Not dn‘f(_ar very much, considering that new bands and inten-
shows a possible correlation among phonon frequencies Sity variations are detected at the same temperatures in both
pure components and the mixed crystal with 0.15. For ~ SyStéms. On the other hand, the lower intensity of the IC
lines above 80 ¢, the strong overlap precludes a reliable Pand at 40 cm” could indicate structural distortions of the
identification of vibrations and their correlations. According Periodic structure with smaller amplitudes with respect to
to results in binary covalent alloys, the substitution for thethose present in the IC phase of pure BCIPS.

lighter mass with a heavier impurity gives rise to an optical
gap and localized modé8.In BCIPS, lattice-dynamics cal-
culations suggest that there is no gap between optical and

IV. CONCLUSIONS

acoustical phonon®. Therefore, additional lines in the Information about the low-temperature structural and dy-
mixed crystals should be associated with localized modes afamical behavior of PS and BBrPS was obtained. The results
BBrPS in the BCIPS hosting lattice. presented for these two solids agree with the proposal of an

The Raman spectrum of the mixed crystal witks0.15  intrinsic mechanical instability of BCIPS-like molecular
was measured at low temperature, in order to obtain inforpackings. For PS, previous lattice-dynamic calculations car-
mation about its structural stability. Figurédl shows the ried out on the room-temperature structure and on a relaxed
observed Raman spectra, performing the experiments in ozero-Kelvin structure have not revealed any phonon
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instability!® Accordingly, Raman spectroscopy measure- On the other hand, solubility of BBrPS molecules in the
ments downd 5 K did not show any loss of periodicity or BCIPS structure provides a way to perturb the balance of
change in the symmetry of the room-temperature cell. Fomtermolecular interactions affecting the lattice instability.
BBrPS, where lattice-dynamic calculations pointed out theThe presented results show that solid solubility exists at least
possibility of a phonon softening at low temperatures, deuup to the ratio[ d-BBrPS/BCIP$=0.30. From the Raman
teron spin-lattice relaxation data showed an anomalous erspectrum profile and the powder x-ray diffractograms, the
hancement of relaxation rates between 157 and 148 K. Thstructure of these mixed crystals is closely related to BCIPS.
values assumed by, ! and its temperature behavior agree Local modes associated with the BBrPS “impurities” can be
with those observed near the transition temperature imletected in the Raman spectra. The low-temperature behav-
BCIPS. Also, the experimental data are compatible with dor of the mixed crystal withx=0.15 is very similar with
model of the spectral densities resulting from a soft-modeespect to BCIPS. This mixed system undergoes an incom-
process in addition to central-peak effects. Considering thenensurate phase transition, at a temperature very similar to
set of dynamical parameters obtained for the soft mode othe PT of BCIPS, with a smaller amplitude of the IC distor-
the IC PT in BCIPS by means of INS, the model reproducesion. This behavior suggest a continuous trend of the phase
the observed temperature behavior of the relaxation ratdiagram as a function of, from relatively large displace-
measured in BBrPS. It is worth noting that the soft-modement amplitudes in BCIPS to small distortions in BBrPS.
contribution alone cannot account for the observed temperaFhe results show that the critical temperature in BCIPS-like
ture behavior off; * in BBrPS. The results also suggest the solids does not vary strongly, being around 148 K. Addi-
possibility that the coupling between the soft phonon and théional experimental effort will be devoted to trace the evolu-
relaxing mode becomes appreciable for temperatures lowdion of the IC distortions over the full concentration range.
than those in BCIPS. On the other hand, Raman spectroscopy
measurements in BBrPS did not show any strong loss of
periodicity, as in the IC phase of BCIPS, nor changes in the
symmetry of the unit cell down to 5 K. Therefore, the PT in  Suggestions from Professor Ma. T. Calygniversitat de
BBrPS should involve only small amplitude distortions of Barcelona are gratefully acknowledged. Support from
the room-temperature structure, compatible with the symmeFAPESP(Funda@o de Amparo &esquisa no Estado de®a
try of the unit cell. Paulg Brazil is acknowledged.
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